-permeable channels is postulated. For the intracellular origin, a chain of reactions is assumed to occur, involving phosphoinositide-specific phospholipase C (PI-PLC) activation, production of inositol 1,4,5-trisphosphate (IP 3 ) and IP 3 -dependent Ca 2+ release from internal stores [Biskup et al. (1999) FEBS Lett. 453: 72]. The hypothesis of the intracellular Ca 2+ origin was tested in three ways: injection of IP 3 into the streaming endoplasm, application of inhibitors of PI-PLC (U73122 and neomycin) and application of an inhibitor of IP 3 -receptor (2-aminoethoxydiphenyl borate; 2APB). Injection of 1 mM IP 3 into Chara cells did not change the rate of cytoplasmic streaming. Both U73122 (20 mM) and neomycin (200 mM) did not affect the generation of the action potential, cessation of cytoplasmic streaming and the increase in [Ca 2+ ] c caused by electric stimulus even 20-30 min after application. 2APB depolarized the membrane and inhibited the excitability of the plasma membrane. The results are not consistent with the data obtained by Biskup et al. (1999) who found inhibition of the excitatory inward current by neomycin and U73122. The hypotheses of internal and external Ca 2+ origins are discussed in the light of the present results.
Introduction
Active cytoplasmic streaming and generation of a large action potential are characteristic of characean cells (Kamiya 1959 . These two phenomena are coupled with each other through an increase in [Ca 2+ ] c (Williamson and Ashley 1982) . It has been postulated that the plasma membrane becomes more permeable to Ca 2+ during excitation, since both the peak of the action potential (Hope 1961) and the maximum inward current under voltage clamp become very sensitive to the external Ca 2+ concentration ([Ca 2+ ] o ) (Findlay 1964) . The influx of 45 Ca 2+ was greatly enhanced by action potentials, and the increase was dependent on [Ca 2+ ] o (Hayama et al. 1979) . During the membrane excitation in characean cells the permeability of the plasma membrane is assumed to increase not only for Ca 2+ but also for Cl -, since not only the Ca 2+ influx but also the Cl -efflux were greatly increased by the action potential (Mullins 1962 , Oda 1976 . It has been established that the increase in [Ca 2+ ] c triggers the Cl -efflux via activation of Ca
2+
-dependent Cl -channels (Lunevsky et al. 1983 , Kataev et al. 1984 , Shiina and Tazawa 1988 , Okihara et al. 1991 , Tazawa and Shimmen 2001 .
Although data have accumulated which support the external origin of the [Ca 2+ ] c increase during membrane excitation, some experimental data suggest an internal origin. Chara cells from which the tonoplast has been removed by perfusing the vacuole with the medium containing EGTA exhibit a long-lasting action potential . Using tonoplastfree cells of Chara, Kikuyama and Tazawa (1983) assumed that the initial rapid phase of [Ca 2+ ] c increase reflects a release of Ca 2+ from an intracellular Ca 2+ store but they later withdrew the assumption based on new data (Kikuyama and Tazawa 1998) . Plieth et al. (1998) 
monitored the increase in [Ca

2+
] c occurring during the membrane excitation with a fluorescent Ca 2+ indicator dye, fura-dextran. Since the fluorescence signal was not changed by replacing external Ca 2+ with Mn 2+ which is known to quench the fluorescence signal, they deduced that Mn
, and probably also Ca 2+ , may not penetrate the plasma membrane during excitation. On the other hand, cells that had been assumed to be preloaded with Mn 2+ showed quenching of fura fluorescence, suggesting that Mn 2+ which had accumulated in Ca 2+ stores was released from the stores. Biskup et al. (1999) showed that inhibitors of phosphoinositide-specific phospholipase C (PI-PLC) suppressed inward current under voltage clamp during excitation, suggesting the involvement of inositol 1,4,5-trisphosphate (IP 3 ) in the excitation-induced increase in [Ca 2+ ] c . The present study was done to examine the hypothesis that a chain of reactions consisting of PI-PLC activation, IP 3 -production and an IP 3 -dependent Ca 2+ release is involved in membrane excitation. First, IP 3 was injected into the streaming endoplasm of Chara cells in order to see whether the cytoplasmic streaming is inhibited by IP 3 which might release Ca 2+ from internal stores. Second, cells were treated with U73122, a specific inhibitor of PI-PLC (Quarmby et al. 1992 , Legendre et al. 1993 , Nagy and Contzen 1997 , Staxén et al. 1999 or neomycin known to bind phosphatidylinositol 4,5-bisphosphate (Gabev et al. 1989) , the substrate of PI-PLC. If the PI-PLC -IP 3 route is operating in the membrane excitation of Chara cells (Biskup et al. 1999) , it is expected that both the increase in [Ca 2+ ] c and the cessation of cytoplasmic streaming are suppressed by agents which interfere with IP 3 production. Thirdly, 2-aminoethoxydiphenyl borate (2APB), an inhibitor of IP 3 receptor (IP 3 R) in some animal cells (Maruyama et al. 1997 , Ma et al. 2000 , was tested for its effect on action potentialinduced cessation of cytoplasmic streaming.
Results
Cytoplasmic streaming of Chara cells during microinjection of IP 3
Before injection of IP 3 , the control medium (medium containing no IP 3 ) was injected in order to examine whether cytoplasmic streaming would be affected more or less by a trace of Ca 2+ which might be present in the injection medium. Insertion of the micropipette caused a small clot at a location very close to the tip, but endoplasm not close to the tip flowed at a normal rate (about 40 mm s -1 ). The clotting might have been caused by Ca 2+ present in artificial pond water (APW) that adhered to the surface of the pipette tip. The clotting became insignificant in a few min . Next, injection of silicone oil serving as an insulator between the injection medium and the external medium was started. This brought about retardation of the streaming probably due to a mechanical disturbance caused by the formation of large oil drops in the endoplasm. When all of the silicone oil was injected, the injection was stopped for a while until a steady flow of endoplasm was restored. The control medium present behind the silicon oil in the pipette was then injected with a rate of about 10 pl s -1 . The injected medium caused bulging of the endoplasm around the tip of the needle. When the injection was stopped, the swollen endoplasm was observed to flow downstream keeping its form.
Upon injection of medium containing 1 mM IP 3 , cytoplasmic streaming behaved as in the case of injection of the control medium. All four cells of Chara exhibited no cessation of cytoplasmic streaming with injection of IP 3. Cytoplasmic streaming of Nitella axilliformis also showed no response to injected IP 3 as Chara corallina.
The rate of cytoplasmic streaming is an indirect index for
] c (Tominaga et al. 1983) . Since it was technically difficult to measure the change in [Ca 2+ ] c in response to IP 3 injection in intact cells, the cytoplasmic drop was used which releases Ca 2+ from internal stores in response to osmotic and mechanical stimuli (Kikuyama et al. 1995, Kikuyama and . Injection of 1 ml of 0.2 mM IP 3 into 1 ml of the isolated cytoplasmic drop caused no significant change in the aequorin light emission (data not shown) in two repeated experiments. This also indicates that IP 3 does not induce release of Ca 2+ from internal stores.
Estimation of IP 3 concentration in the cytoplasm near the injection needle Although IP 3 was injected into the endoplasm at a concentration of about 1,000 times more than the normal level (about 1 mM, see Discussion), the actual concentration of IP 3 in the cytoplasm close to the injection needle may not be sufficient to induce Ca 2+ release from internal stores. To answer this question, Ca 2+ was injected into the cytoplasm in the same manner as the IP 3 injection, since diffusion of Ca 2+ in the endoplasm can be detected by inhibition of cytoplasmic streaming (Kikuyama and Tazawa 1982) . The injection medium contained (in mM) 120 KCl, 6 MgCl 2 , 20 sorbitol, 1 PIPES (pH 7.0 with KOH) and 0.1 (pCa 4) or 0.01 CaCl 2 (pCa 5). When the microneedle was inserted into the cytoplasm, cytoplasmic streaming stopped in a limited area (local cessation) around the microneedle. This may be due to a small amount of Ca 2+ adhered on the surface of the needle tip. After a while, the area of local cessation became limited to a very small area contiguous to the tip of the needle. After confirming this, Ca 2+ injection was started. Soon the area and the thickness of the cytoplasm showing no streaming (clot) increased significantly. The phenomenon was observed not only at pCa 4 (in all three cells) but also at pCa 5 (in all three cells). This indicates that the Ca 2+ concentration at the site of the motive force generation should be equal to or larger than 1 mM which is the lowest concentration necessary for streaming cessation (Tominaga et al. 1983) . In other words, the injected solution was diluted less than ten times after injection. Accordingly, the concentration of IP 3 in the cytoplasm around the tip of the injection needle containing 1 mM IP 3 was estimated to be at least 100 mM. ] c induced by action potential was monitored with aequorin light emission. Cells that had been checked for aequorin light emission during membrane excitation were treated with U73122 or its analogue U73343 with a lesser inhibitory effect on PI-PLC activity (Zhang et al. 2002) . First, we applied U73122 at 10 mM, the concentration which was shown to inhibit the excitatory membrane current in Chara cells (Biskup et al. 1999) . Not only cells treated with U73343 but also all five cells treated with U73122 emitted light by electrical stimulation 20-30 min after the treatment (Table 1) .
Effect of U73122 and neomycin on action potential-induced increase in [Ca
Cessation of cytoplasmic streaming that had been observed before treatment was observed in all eight cells which had been treated with 10 mM U73122 for 16, 18, 22, 23, 25, 27, 36 or 45 min. Also, 20 mM U73122 did not affect the generation of action potential and cessation of cytoplasmic streaming. Cells generated action potentials on electrical stimulation after 16, 23, 35 or 50 min (Table 2 ). These results suggest that the increase in [Ca 2+ ] c took place at the moment of the action potential. This is what can be seen from Fig. 1 where aequorin light emission occurred at the moment of the action potential in a cell treated with 20 mM U73122 for 25 min. Note that the E m of cells treated with U73122 became depolarized with time (Table 2) . Also the same concentration of the solvent (0.02%) contained in the experimental solution had no effect on E m .
Neomycin, another inhibitor of PI-PLC, was reported to strongly inhibit the excitatory inward membrane current in Chara cells at the concentration of 200 mM (Biskup et al. 1999) . Cells treated with 200 mM neomycin generated an action potential upon electrical stimulus. At the moment of the action potential, cytoplasmic streaming stopped as was the case in non-treated intact cells (Table 3 ), suggesting that the increase in [Ca 2+ ] c occurred during an action potential in neomycin-treated cells. This was confirmed by simultaneous measurements of action potential and light emission of aequorin (Fig. 2) . In this case, the cell was treated with 200 mM neomycin for 18 min. Note that longer treatment of cells with neomycin depolarized E m (Table 3 ) as in the case of U73122 (Table  2 ). This depolarizing effect became conspicuous when the concentration of neomycin was increased to 400-500 mM. The amplitude of the action potential decreased greatly and cytoplasmic streaming did not stop (Table 3) .
Effect of 2APB on action potential-induced streaming cessation
If IP 3 induces release of Ca 2+ from internal stores, it should bind to the IP 3 R. An inhibitor of IP 3 R, 2APB, was applied to Chara cells in order to see whether or not it could interfere with the action potential-associated cessation of cytoplasmic streaming. When cells were treated with 100 mM 2APB, they soon lost excitability (Fig. 3a) . Namely, no action potential was induced 1-2 min after the treatment, but the streaming rate remained normal. After 10 min, the streaming rate decreased to 1/3 the original rate (Fig. 4) . Removal of the agent restored the streaming partially but not the excitability. When the concentration of 2APB was reduced to 25 mM, an action potential accompanied by streaming cessation was observed after 30 s. The streaming rate then decreased steadily, and the cells lost their excitability (data not shown) as in the case of 100 mM. Loss of excitability of the plasma membrane due to 2APB may be explained by assuming that the Ca
2+
-dependent Cl -spike is suppressed by inhibition of the Ca 2+ release from internal stores by impeding the IP 3 R function as manifested by Ma et al. (2000) . Another possibility is that the agent acts directly on the plasma membrane. The second possibility was examined by using tonoplast-free cells which were prepared by replacing the vacuolar sap with an isotonic solution containing 10 mM EGTA, which chelates Ca 2+ and stabilizes [Ca 2+ ] c at a level less than 0.1 mM . Even when the cytoplasmic Ca 2+ level is stabilized, tonoplast-free cells elicit the action potential (Shimmen et al. 1976, Shiina and Tazawa 1987a) . Even if 2APB can suppress generation of the action potential in normal cells by inhibiting the internal Ca 2+ mobilization route, it cannot inhibit the action potential in tonoplastfree cells. However, tonoplast-free cells also lost excitability soon after treatment with 2APB. In Fig. 3b the tonoplast-free cells did not generate an action potential 1 min after application of 2APB, although it was excitable before treatment. Thus 2APB seems to act directly on the plasma membrane, resulting in loss of excitability.
Discussion
Recently, the hypothesis that in characean cells the action potential-associated increase in [Ca 2+ ] c (Williamson and Ashley 1982, Kikuyama and Tazawa 1983, Plieth et al. 1998 ) may be caused by a release of Ca 2+ from intracellular stores has been proposed by several workers (Plieth et al. 1998, Biskup et al. The experimental facts forming the basis of the hypothesis will be described below. At the same time, the validity of the hypothesis will be discussed based on the findings obtained in the present study and previous studies. et al. (1990) suggested the occurrence of IP 3 -dependent Ca 2+ mobilization from internal stores. In locally permeabilized Nitella cells, application of IP 3 or Ca 2+ to the permeabilized cell part (cis side) evoked an action potential on the trans side. Also, iontophoretic injection of IP 3 (0.3 nmol in 60 s) into the cytoplasm of Chara cells induced a sequence of action potentials.
Involvement of IP
In the present study, we also injected IP 3 mechanically into the flowing cytoplasm of Chara and Nitella cells expecting that cytoplasmic streaming will be inhibited if IP 3 mobilizes Ca 2+ from internal stores, since iontophoretic injection of Ca 2+ into the cytoplasm of Nitella cells transiently inhibited cytoplasmic streaming (Kikuyama and Tazawa 1982) . Contrary to our expectation, the injected IP 3 had no effect on the streaming rate in both Chara and Nitella.
The concentration of IP 3 in the cytoplasm of plant cells can be estimated to be about 1 mM from the IP 3 content (1 pmol/8´10 5 cells) in cultured mesophyll cells of Zinnia elegans (Zhang et al. 2002) under the assumptions that the cell with a cylindrical form has a diameter of 30 mm and a length of 50 mm (estimated from Fig. 2 , Fukuda and Komamine 1980) and that the cytoplasm volume amounts to 5% of the cell volume. In our experiment, the cytoplasmic concentration of IP 3 during injection may be elevated significantly, since the injection medium contained 1 mM IP 3 and was injected into the flowing cytoplasm continuously for more than 30 s at a rate of about 10 pl s -1 . Injection of 10 mM CaCl 2 at the same rate caused formation of an endoplasmic clot around the tip of the microneedle. This indicates that the cytoplasmic concentration of Ca 2+ near the tip was more than 1 mM which is necessary for stopping streaming (Tominaga et al. 1983) . Analogously, the concentration of IP 3 around the tip is estimated to be 100 mM or more, concentrations which are high enough to cause release of Ca 2+ from vacuoles (Brosnan and Sanders 1990) . These findings suggest that IP 3 -dependent release of Ca 2+ from some intracellular stores (Biskup et al. 1999) does not occur in Characeae cytoplasm.
Experiments in which 0.2 mM IP 3 was injected into an isolated cytoplasmic drop also do not support a possible involvement of IP 3 upon mobilization of Ca
2+
, because no significant increase in aequorin light emission was observed. It should be stressed that the method using an isolated cytoplasmic drop can detect Ca 2+ release from some intracellular Ca 2+ stores upon mechanical stimulations including osmotic expansion .
Activation of PI-PLC by electrical stimulation
Neomycin and U73122 are potent inhibitors of PI-PLC in both plant and animal cells (Quarmby et al. 1992, Legendre et al. 1993, Staxén et al. 1999) . Recently, Takahashi et al. (2001) demonstrated an increase in IP 3 in response to hyperosmotic stress in a cell culture of Arabidopsis. This increase was efficiently inhibited by neomycin and U73122. Biskup et al. (1999) found that these reagents suppressed the amplitude of the excitatory inward current carrying Cl -under voltage clamp conditions in Chara cells. U73122 at 10 mM inhibited the current by about 50% by 5 min, while neomycin at 200 mM did by more than 80% after 20 min (Fig. 3 and 4 in Biskup et al. 1999) . They proposed that activation of PI-PLC in the plasma membrane during an action potential produces IP 3 which then acts to release Ca 2+ from Ca 2+ stores through IP 3 R channels and subsequently activates Ca
2+
-dependent Cl --channels. The mechanism of activation of PI-PLC by membrane depolarization remains obscure. Biskup et al. (1999) speculated that a small voltage-dependent Ca 2+ influx triggers activation of PI-PLC. The requirement of Ca 2+ influx for triggering or maintaining PI-PLC activity was demonstrated in mesophyll cells of Zinnia elegans during tracheary element differentiation (Zhang et al. 2002) .
In the present study, we used a higher concentration of U73122 (20 mM) and observed no inhibitory effects of the reagent on both generation of action potential and action potentialassociated cessation of cytoplasmic streaming even after 16-50 min (Table 2) . Also, an increase in [Ca 2+ ] c was observed 27 min after treatment with 20 mM U73122 (Fig. 3) . As for neomycin, we used the same concentration (200 mM) used by Biskup et al. (1999) . Neomycin did not inhibit generation of the action potential or cessation of cytoplasmic streaming, even when the treatment was extended for more than 20 min (Table  3 ). An increase in [Ca 2+ ] c at the moment of the action potential was also demonstrated in the presence of neomycin (Fig. 2) . If the mechanism of IP 3 produced by activation of PI-PLC inducing Ca 2+ release from internal stores plays a central role in the membrane excitation in Chara cells, the reagents known to inhibit PI-PLC should suppress the [Ca 2+ ] c increase, and subsequently Ca 2+ -dependent generation of the Cl -spike and Ca
sensitive cessation of cytoplasmic streaming (Kikuyama and Tazawa 1982, Tominaga et al. 1983) . The fact that no inhibitory effects of neomycin or U73122 were found does not support the mechanism of Ca 2+ mobilization via activation of PI-PLC proposed by Biskup et al. (1999) .
Another point to be noted is the depolarizing effect of both neomycin and U73122 on the plasma membrane (Table  2 , 3), suggesting that the reagents may affect the membrane conductance or permeability to ions and/or the electrogenic mechanism. Modification of ion conductances of the membrane would affect membrane excitability more or less and then the amplitude of the excitatory current, which Biskup et al. (1999) measured.
Effect of 2APB
If (Shiina and Tazawa 1987b , Thiel 1995 , Thiel et al. 1997 . In the present study, 2APB inhibited generation of the action potential not only in normal cells but also in tonoplast-free cells (Fig. 3a, b) . One may assume that the results may support the hypothesis of IP 3 -induced Ca 2+ release from internal stores. However, in tonoplast-free cells any process mediated by an increase in [Ca 2+ ] c should be blocked, since the [Ca 2+ ] c in these cells was kept low by the presence of EGTA. Thus, the mechanism of inhibition seems not to be via inhibition of IP 3 R but via its direct action on the plasma membrane. A direct effect of 2APB on the plasma membrane was also demonstrated in animal cells by Ma et al. (2001) , Dobrydneva and Blackmore (2001) and Gregory et al. (2001) .
The question of external origin or internal origin of Ca
2+
Data have accumulated supporting the external origin of Ca 2+ for the [Ca 2+ ] c increase occurring during an action potential. First, a significant increase in the influx of 45 Ca 2+ was observed on membrane excitation in Chara cells (Hayama et al. 1979 ) and at the depolarized state (MacRobbie and Banfield 1988). In tonoplast-free cells of Nitellopsis the influx of Sr
, which was used as a tracer of Ca
, increased during membrane excitation (Shiina and Tazawa 1987a (Shiina and Tazawa 1987b) . Characean cells contain a high level of calcium in the cytoplasm (Spanswick and Williams 1965 , Okihara and Kiyosawa 1988 , probably stored in the endoplasmic reticulum which is known as a major organelle controlling cytosolic Ca 2+ (Quader 1990 ). In Nitella flexilis, Ca 2+ ions in the stores are released by osmotic swelling (Kikuyama et al. 1995) or by mechanical shock . Thus, it is not improbable that Ca 2+ is also released from IP 3 -sensitive internal Ca 2+ stores by electrical stimulation, if PI-PLC is activated by depolarization of the plasma membrane as suggested by Biskup et al. (1999) . We examined effects of U73122 and neomycin, potent PI-PLC inhibitors (Takahashi et al. 2001) , on the membrane excitability and the action potentialassociated increase in [Ca 2+ ] c and found no effect on either activity. The next step of proving the internal origin hypothesis is to test the effect of IP 3 on the release of Ca
. If IP 3 acts to release Ca 2+ from internal stores, injection of IP 3 into the flowing cytoplasm would result in stoppage of cytoplasmic streaming. However, contrary to expectation, cytoplasmic streaming was not affected at all by injected IP 3 .
There are several experimental findings which cannot be explained by the hypothesis of an internal origin of [Ca ] c (Tazawa and Shimmen 2001) . In tonoplast-free cells, no Cl -efflux under current clamp (Kikuyama et al. 1984) or no Cl -current under voltage clamp (Shiina and Tazawa 1987b) Kikuyama et al. 1996) or Mn 2+ (Kikuyama and Shimmen 1997) . If the hypothesis of internal origin is valid, an increase in [Ca 2+ ] c should occur even in the absence of external Ca
, since action potentials were induced in Nitella. The third support for the external origin of Ca 2+ is the fact that the tonoplast action potential, which is the Cl -spike ) and accompanies the plasma membrane action potential (Shimmen and Nishikawa 1988) , is suppressed by replacing external Ca 2+ with other divalent cations (Kikuyama 1986 ). This fact suggests that the tonoplast action potential is induced by Ca 2+ flowed into the cytoplasm during excitation of the plasma membrane. The tonoplast action potential is abolished by adding 5 mM Mn 2+ into APW without affecting the plasma membrane action potential and recovered by further addition of 5 mM Ca 2+ Nishikawa 1988, Kikuyama and Shimmen 1997) . Since no increase in [Ca 2+ ] c was observed in this case, the plasma membrane action potential should be the Mn 2+ spike (Kikuyama and Shimmen 1997) . Abolishment of the tonoplast action potential with external Mn 2+ is not compatible with the hypothesis of internal origin of Ca
, since Ca 2+ released from internal stores is supposed to induce the tonoplast action potential.
In summary, the data obtained in the present study did not provide any evidence for the hypothesis of PI-PLC activation by membrane depolarization and subsequent IP 3 -dependent Ca ] c is concluded to be mainly due to an increased influx of Ca 2+ through the plasma membrane. Even when Ca 2+ release from internal stores is induced by Ca
derived from a Ca 2+ influx (Biskup et al. 1999) , the contribution of Ca 2+ -induced Ca 2+ release to the increase in [Ca 2+ ] c may be minor.
Materials and Methods
Plant materials
Internodal cells of C. corallina were used throughout the experiment. The algal culture was conducted in an air-conditioned room under the 12 h/12 h light/dark cycle at about 25°C or in summer in the garden of one (M.T.) of the authors. The alga was cultured in plastic buckets containing tap water. Before the experiments, cells were isolated from neighboring internodes and branchlets and placed in APW containing 0.1 mM each of KCl, NaCl and CaCl 2 at least for 1 h during which cytoplasmic streaming recovered its normal rate though it had been stopped by mechanical shock during the isolation. In some experiments (IP 3 injection), cells of N. flexilis were also used.
Preparation of tonoplast-free cells
Tonoplast-free cells were prepared after Tazawa et al. (1976) (cf. Tazawa and . The perfusion medium contained (in mM) 1 ATP, 10 EGTA, 5 MgCl 2 , 10 MOPS, 28 KOH and 200 sorbitol with pH adjusted to 7.1. The osmolality of the solution was about 250 mOsm. It should be noted that concentration of EGTA was two times higher than that used previously . The higher EGTA concentration was used to strengthen stabilization of the [Ca 2+ ] c in tonoplast-free cells at a lower level.
Microinjection of IP3
The medium used for IP 3 injection was composed of (in mM) 1.0 IP 3 , 100 KCl, 6 MgCl 2 , and 1 PIPES (pH 7.0 with KOH).
An internodal cell was fixed in a Plexiglas chamber as shown in Fig. 5 . The chamber was filled with APW supplemented with 100-150 mM sorbitol and 5 mM MgCl 2 in order to decrease the cell turgor and to inhibit cessation of cytoplasmic streaming by action potentials that may occur during the injection. Injection was carried out under observation of cytoplasmic streaming with an inverted microscope (Diaphot, Nikon, Tokyo, Japan) equipped with a three-dimensional micromanipulater (WR90, Narishige, Tokyo, Japan) by using an injector (IM44, Narishige, Tokyo, Japan). Cytoplasmic streaming was recorded throughout the experiment on videotapes through a video camera (CCD-IRIS, SONY, Tokyo, Japan). The rate of cytoplasmic streaming was measured by analysis of the videotapes. In some cells, cytoplasmic streaming stopped at the moment of insertion or withdrawal of the injection needle in spite of the presence of 5 mM Mg 2+ in the bathing medium. This may reflect generation of an action potential due to mechanical shock.
Monitoring of change in [Ca
2+
] c Change in [Ca 2+ ] c was measured in the same manner as reported previously with intact cells (Kikuyama and Shimmen 1997) or isolated cytopolasmic drops . Briefly, an internodal cell loaded with Ca 2+ -sensitive photoprotein aequorin was placed over photomultiplier tube (PM: R1924P, Hamamatsu Photonics, Hamamatsu, Japan) in a dark box. Light emission from aequorin was monitored with the PM. The PM current, which reflects [Ca 2+ ] c , was recorded with a memory oscilloscope (PowerLab/800, ADInstruments, Nagoya, Japan) and processed with computer software (KaleidaGraph, HULINKS, Tokyo, Japan). In some cases, E m measurement with the conventional microelectrode method was coupled with the PM current measurement as shown in Fig. 1 and 2 .
Measurement of membrane potential
The conventional microelectrode method (Kishimoto et al. 1965 ) was used to measure the membrane potential of the internodal cell of Chara. The cell was mounted on a chamber having two pools A and B (Fig. 6) . The central part was embedded in the groove of the partition wall and sealed with white Vaseline. Both pools were filled with APW. A glass microelectrode was inserted into one half of the cell in chamber B. The potential difference between the microelectrode and the reference electrode placed outside was amplified with an amplifier by guest on November 7, 2016 http://pcp.oxfordjournals.org/ Downloaded from (Nihon Kohden, Microelectrode Amplifier MEZ 7200, Tokyo, Japan) and recorded with a pen-writing recorder (VP6223A, National Panasonic, Tokyo, Japan). A stimulating current flowing between the two chambers across the cell was supplied with an electric stimulator (SEN 3301, Nihon Kohden, Tokyo, Japan) through Ag-AgCl wire.
Chemicals
Recombinant semisynthetic aequorins were a gift from Dr. O. Shimomura (MBL, Woods Hole, MA, U.S.A.). IP 3 was from Sigma (St. Louis, MO, U.S.A.) and neomycin sulfate (3H 2 SO 4 ) was from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan). Both U73122 and 2APB were from Lancaster and Calbiochem (La Jolla, CA, U.S.A.). The reagents were dissolved in 1-methyl-2-pyrrolidinone (Aldrich) to make the stock solution. The concentration of stock solution of U73122 was 50 mM and that of 2APB was 100 mM. To prepare the test solution, an aliquot of the stock solution was put into a test tube containing 10 ml APW and vigorously mixed using a mixer (Labo-Mixer, Iuchi Co., Tokyo, Japan).
